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Summary
Objective: The aim of this study was to evaluate three-dimensional (3D) distribution of acetabular articular cartilage thickness in patients with
hip dysplasia using in vivo magnetic resonance (MR) imaging, and to compare cartilage thickness distribution between normal and dysplastic
hips.
Design: Forty-ﬁve dysplastic hips without joint space narrowing on radiographs and 13 normal hips underwent MR imaging with fat-
suppressed 3D fast spoiled gradient echo (SPGR) sequence. Acetabular cartilage thickness was measured with a fully automated
segmentation technique, and cartilage thickness distribution was compared between the dysplastic and normal hips on the celestial spherical
coordinate system.
Results: Average cartilage thickness was signiﬁcantly greater for the dysplastic hips than the normal hips (1.77 mm vs 1.34 mm). There was
a general trend of gradient increase of cartilage thickness at the superolateral area in normal and dysplastic hips. The gradient increase of
cartilage thickness was signiﬁcantly greater in the dysplastic hips than the normal hips.
Conclusions: Dysplastic hips have general thick cartilage distribution as well as more prominent gradient increase of thickness at the
superolateral portion. The knowledge of fundamental morphological feature of dysplastic hips at a preradiologic stage may aid early detection
of cartilage thinning in association with osteoarthritic progression, accurate computational biomechanical analysis in the hip joint, and planning
periacetabular osteotomy with satisfactory cartilaginous congruency.
 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Hip dysplasia is one of the major causes of osteoarthritis in
the hip joint1, and relationships between speciﬁc parame-
ters of bone morphology of hip dysplasia and likelihood of
subsequent osteoarthritic advancement have been exten-
sively studied using plain radiographs or computed tomog-
raphy2,3. These studies of bone morphology have indicated
an insufﬁcient biomechanical environment of increasing
contact stress for articular cartilage of the acetabulum or
femoral head due to reduced contact area between the
opposing surfaces. Computational biomechanical assess-
ments using precise bone models along with simpliﬁed
articular cartilage models also support this mechanism4,5.
There have been few studies concerning speciﬁc morphol-
ogy of the articular cartilage in the dysplastic hip joint.
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Received 8 August 2003; revision accepted 26 April 2004.650Articular cartilage has distinctly different material property
with adjacent pelvic or femoral bone. Detailed relationship
between articular cartilage structure and pelvic or femoral
bone structure may have signiﬁcant implications for bio-
mechanical assessment of the hip joint as compared with
biomechanical analysis based on bone morphology alone.
The lack of studies concerning cartilage morphology is
mainly due to difﬁculty with in vivo imaging of the articular
cartilage in the hip joint. Because cartilage tissue cannot be
directly delineated on plain radiographs, the sum of acetab-
ular and femoral cartilage thickness has been estimated as
bone-to-bone distance on plain radiographs. Some inves-
tigators have studied three-dimensional (3D) distribution of
the articular cartilage in the normal hip joint using cadaveric
specimens and destructive techniques such as cartilage
anatomical slices6, a needle probe7,8, or ultrasound9, how-
ever, there have been no such studies involving dysplastic
hips, due to the limited availability of dysplastic cadaveric
specimens. Spatial distribution of the acetabular and
femoral cartilage in dysplastic hips remains unclear, even
though such information is necessary to understand mor-
phological structure, biomechanical environments, and
initial mechanism of osteoarthritic change.
651Osteoarthritis and Cartilage Vol. 12, No. 8Magnetic resonance (MR) imaging allows direct visuali-
zation of the articular cartilage in the 3D spaces, due to its
excellent soft tissue contrast and ability to acquire 3D
information. The 3D distribution of the articular cartilage in
other joints, such as knee10e13, shoulder14, elbow15, ankle
and hind foot16, has been studied quantitatively using MR
imaging in conjunction with computational processing tech-
niques. In recent investigations, the articular cartilage of the
hip joint has been visualized using MR imaging17,18. The
purpose of the present study was to evaluate 3D distribution
of acetabular articular cartilage thickness in patients with
hip dysplasia using in vivo MR imaging, and compare
patterns of thickness distribution between normal and
dysplastic hips. To eliminate inter- or intraobserver errors
and increase the accuracy of measurements, a fully auto-
mated computer analysis system for cartilage segmentation
and subvoxel measurements of imaging resolution was
utilized.
Methods
PATIENTS AND STUDY DESIGN
The subjects were 40 patients who had bilateral or uni-
lateral dysplastic hips and ﬁve normal volunteers without
history of hip pain. Criteria for enrollment in the study as
a dysplastic hip were as follows: radiological evidence of
dysplasia with center edge (CE) angle less than 25(19 on
anteroposterior radiographs; Class I degree of subluxation
(the percentage of the displaced head height due to proxi-
mal migration less than 50% of the head height), according
to the classiﬁcation of Crowe et al.20; no radiological
evidence of joint space narrowing, in order to eliminate
secondary change by osteoarthritic involvement and clarify
intrinsic morphology of the articular cartilage; and no
previous operation on the acetabulum. The 8 hips that
were examined due to dysplasia of the contralateral hip, but
showed no radiological evidence of dysplasia and no
osteoarthritis change on plain radiographs, were included
as normal hips. The 5 left hips of the ﬁve volunteers showed
CE angle equal to or more than 25( on the mid-coronal MR
image, and were considered as normal hips. As a result, 45
hips were enrolled as dysplastic hips, and 13 hips were
included in normal hips. Out of the dysplastic hips, 28 hips
were examined due to hip pain and the other 17 hips were
detected on examinations of the symptomatic contralateral
hip. All patients and volunteers were females, and the
average age was 32 years (range, 14e64 years) in the
patients with dysplastic hips and 28 years (range, 16e44
years) in the volunteers and patients with normal hips
(Table I). There was a signiﬁcant difference in CE angle
Table I
Clinical features of patients with normal and dysplastic hips
Normal hips
(N ¼ 13)
Dysplastic hips
(N ¼ 45)
P value*
Age ( years) 28.3G 7.5 31.9G 11.2 0.469
Weight (kg) 48.3G 4.2 52.2G 7.7 0.159
Height (m) 1.58G 0.05 1.56G 0.06 0.262
Body mass
index (kg/m2)
19.5G 1.3 21.6G 3.4 0.075
CE angle (() 28.1G 3.5 11.6G 6.1 !0.0001
Values are meansG standard deviation.
*Statistical difference was examined using ManneWhitney
U test.between the normal hips and dysplastic hips (P!0:0001;
ManneWhitney U test), but there was no signiﬁcant differ-
ence in age, weight, height, or body mass index of the
patients. Informed consent was obtained in written format
from all patients and volunteers after explanation of the
nature of the MR examinations. For patients younger than
20 years old, informed consent was also obtained from their
parents.
MR imaging was performed with fat-suppressed 3D fast
spoiled gradient echo (SPGR) sequence using a unilateral
surface coil (TORSO, General Electric, Milwaukee, WI) on
a 1.5-T MR system (Horizon, General Electric). Imaging
parameters were as follows: TR/TE, 24.4/5.7 ms; ﬂip angle,
20(; section thickness, 1.5 mm; in-plane resolution,
0.625 mm; imaging matrix, 256!256; signal acquisition,
2; imaging direction, sagittal. Imaging time was 10 min and
17 s. To allow clear separation of acetabular and femoral
cartilage on MR images, the original continuous leg traction
technique was used during MR imaging17. Brieﬂy, this
system comprises a leg apparatus that pulls the leg
caudally with approximately 15 kg of force, and a pelvic
apparatus that pulls the pelvis cranially with approximately
10 kg of force; thus, traction force is exerted on the hip joint.
Immediately after setting this traction device on patients,
MR imaging was performed. Using this imaging technique,
acetabular and femoral cartilages at high signal were clearly
detected by interposition of low signal space between the
two cartilages [Fig. 1(A)]. This space was enhanced in high
signal by intravenous injection of gadolinium-DTPA in a
previous study21, and considered to represent joint ﬂuid.
Without use of the traction device during MR imaging,
complete delineation of the cartilage border was difﬁcult,
due to the inherent adhesive nature of the two types of
cartilage at the weight-bearing area17.
IMAGE PROCESSING
The MR imaging data were transferred in DICOM format
to a UNIX workstation. Image processing of fully automated
measurement of the acetabular cartilage thickness was
performed using custom-written software22. In arthroscopic
studies23,24, acetabular cartilage is subject to high in-
cidence of abnormalities compared with femoral cartilage
in a preradiologic stage of dysplastic hips. Therefore, we
assumed that detailed assessment of acetabular cartilage is
more valuable, and focused on quantiﬁcation of acetabular
cartilage in this study.
Brieﬂy, the image processing involves the following three
steps:
(1) The center of a sphere that approximates the femoral
head was automatically determined using the Hough
transform, based on the assumption that the gradient
vector of the MR volume at the boundaries of the
femoral head is aligned from the femoral head center to
the voxel positions, and the magnitude of the gradient
vector is large.
(2) Cartilage regions and the cartilageebone interface
were enhanced using the ﬁrst and second directional
derivatives along radial directions originating from the
sphere center determined in the previous step. This
image ﬁltering was based on the generally acknowl-
edged theory that an edge corresponds to an abrupt
change in the image function, and that the ﬁrst
derivative should have an extreme and the second
derivate should be equal to zero at the position of the
edge.
652 T. Nishii et al.: Acetabular Cartilage in Dysplastic HipsFig. 1. (A) Mid-sagittal MR image of right dysplastic hip in 45-year-old female patient. Acetabular and femoral cartilages at high signal were
clearly contrasted with adjacent joint ﬂuid and subchondral bone at low signal. Anterior portion of the joint was on the left side of the image. (B)
Corresponding acetabular cartilage area was obtained using a fully automated computational method.(3) After interpolation of discrete MR data, a subvoxel (1/10
of the original voxel) zero-crossing search of the second
directional derivatives was performed along the radial
directions. The thickness of the acetabular cartilage
was measured from the distance between the inner and
outer cartilage edge positions, using adaptive thresh-
olding and connectivity analysis, which allowed auto-
matic determination of the optimal threshold value to
minimize overlooking true cartilage edges and avoid
any unwanted regions for the cartilage. In a previous
study, this processing technique provided accurate
measurements of a cartilage phantom made of a
sheet-like acrylic plate, from MR images obtained using
similar MR imaging parameters22.
After processing, segmentation of the cartilage was
checked visually by two observers, and compared with
the original MR images, on the DICOM image viewer
(Virtual Place ver 1.156; Medical Imaging Laboratory, Inc.,
Tokyo, Japan) [Fig. 1(A,B)].
DATA ANALYSIS
To facilitate quantitative comparison of 3D distribution of
acetabular cartilage thickness among patients, the celestial
spherical coordinate system was deﬁned for the acetabu-
lum (Fig. 2). The center of the femoral head corresponded
to the center of the spherical coordinate system. The
equator plane of the celestial sphere was rotated from the
axial plane passing the spherical center, by 45( medially
around the anteroposterior axis passing the spherical
center. For simpliﬁcation of the coordinate system, images
of right hips were converted to their mirror images (i.e., left
hip) by mirroring with respect to the mid-sagittal plane of the
body. In this spherical coordinate system, the location of the
acetabular articular cartilage was represented by two
independent angles: longitude and latitude. The acetabular
fossa was assumed to be located at around 90( latitude.
The posterior, lateral and anterior edge of the acetabulum
corresponded to 90, 180 and 270( longitude, respectively.The cartilage thickness was measured along the radial
directions from the center of the sphere at 1( increments of
longitude and latitude, and was averaged for each discrete
region deﬁned on the longitude grid by a 30( interval and on
the latitude grid by a 10( interval. We only evaluated the
area commonly covered by the cartilage at the weight-
bearing area, ranging from 90 to 270( longitude and from
10 to 70( latitude.
VALIDATION AND REPRODUCIBILITY
To evaluate the accuracy of quantiﬁcation in cartilage
thickness, four cadaveric specimens of human hip joints
were harvested from four individuals. The joint capsule was
left intact, and saline solution was introduced into the joint.
After making four bony defects artiﬁcially in the pelvis and
the femur for landmarks, MR imaging was conducted in
coronal direction with reference to the landmarks. After
imaging, the hip joints were sectioned into halves, assuming
an exact correlation to the imaging plane from the position
of the landmarks, and the anatomical section was digitized.
Macroscopically, there was no abnormality in articular car-
tilage of all specimens. The anatomic thickness of articular
cartilage, measured manually at 10( increments with
a digital template describing the radial lines originated from
the centroid on computers, was compared with cartilage
thickness on the corresponding MR images, calculated by
the automated computer analysis method. The average
cartilage thickness of the examined 31 locations was
1.91 mm (range, 1.10e4.0 mm) at the anatomical sections
and 1.98 mm (range, 0.95e3.51 mm) at MR images. Mean
error of measurements was 0:28G0:23mm. Correlation of
coefﬁcient between MR and anatomic thickness was 0.89
(P!0:001, Pearson’s correlation).
To assess reproducibility of the measurements, two
consecutive MR data sets were acquired in four normal
volunteers (aged 28e36 years, all females) and two
patients with dysplastic hip (38 and 40 years, CE angle of
9 and 12(). Between the sets of MR imaging, the volunteers
653Osteoarthritis and Cartilage Vol. 12, No. 8Fig. 2. (A) The celestial spherical coordinate system in the left acetabulum. (B) Deﬁnition of acetabular cartilage position by longitude and
latitude in the celestial spherical coordinate.and patients were encouraged to reposition the pelvis and
lower legs. The reproducibility of measurements of the
acetabular cartilage thickness in each discrete region de-
ﬁned on the longitude and latitude grids was calculated as
coefﬁcient of variation (CoV: standard deviation/mean!
100 [%]), and the mean reproducibility was calculated as
the root means square average for each volunteer or
patient25. The mean reproducibility of all the six subjects
averaged 3.9% (range, 1.8e5.7%).
STATISTICS
We compared overall cartilage thickness of the whole
area as well as 3D distribution of cartilage thickness
between the normal and dysplastic hips. Overall cartilage
thickness was calculated by averaging mean thickness at
all discrete regions of all patients in normal and dysplastic
hips, and was compared using nonparametric Manne
Whitney U test. Distribution of cartilage thickness was as-
sessed in each row of the discrete regions with the same
longitude grid (90e120, 120e150, 150e180, 180e210,
210e240, and 240e270(), and difference of the distributionpattern was examined using repeated-measure analysis of
variance with regard to longitude angles, between the
normal and dysplastic hips. Pairwise comparisons between
different longitude angles and between the normal dysplas-
tic hips were performed with a Bonferroni adjustment for
multiple comparisons. A P value of !0.05 was considered
to indicate statistical signiﬁcance.
Results
Overall acetabular cartilage thickness in normal and
dysplastic hips averaged 1:34G0:15mm and
1:77G0:31mm, respectively, and the dysplastic hips had
signiﬁcantly greater cartilage thickness than the normal hips
(P!0:0001).
Cartilage thickness at each discrete region of the normal
and dysplastic hips, deﬁned by the longitude and latitude
grid, is summarized in Table II. There was a general trend
that the cartilage thickness increased as the latitude
decreased and the longitude located around 150e210(,
both in normal and dysplastic hips (Fig. 3). In the dysplastic
hips, cartilage thickness in the row of region with longitudeTable II
Cartilage thickness at each discrete region defined by longitude and latitude (degrees) in the normal and dysplastic hips
Longitude (() Latitude (()
60e70 50e60 40e50 30e40 20e30 10e20
90e120 Normal 1.25G 0.17 1.20G 0.08 1.12G 0.80 1.23G 0.12 1.33G 0.28 1.28G 0.09
Dysplasia 1.31G 0.15 1.35G 0.22 1.40G 0.27 1.58G 0.45 1.80G 1.03 1.78G 0.58
120e150 Normal 1.24G 0.19 1.23G 0.19 1.23G 0.16 1.29G 0.25 1.44G 0.44 1.69G 0.53
Dysplasia 1.39G 0.27 1.54G 0.40 1.74G 0.56 1.97G 0.63 2.34G 0.94 2.25G 0.79
150e180* Normal 1.18G 0.17 1.32G 0.28 1.38G 0.31 1.55G 0.43 1.77G 0.61 1.97G 0.74
Dysplasia 1.52G 0.43 1.82G 0.51 1.98G 0.57 2.39G 0.78 2.78G 0.95 2.82G 0.77
180e210** Normal 1.19G 0.15 1.21G 0.15 1.32G 0.24 1.41G 0.31 1.49G 0.44 1.41G 0.15
Dysplasia 1.49G 0.41 1.80G 0.51 2.08G 0.70 2.61G 1.16 3.03G 1.58 2.70G 0.80
210e240* Normal 1.18G 0.13 1.15G 0.11 1.25G 0.28 1.28G 0.24 1.37G 0.24 1.44G 0.32
Dysplasia 1.43G 0.31 1.62G 0.53 1.79G 0.71 2.15G 1.36 2.32G 1.23 1.88G 0.55
240e270 Normal 1.20G 0.13 1.17G 0.13 1.30G 0.26 1.30G 0.22 1.32G 0.19 1.34G 0.16
Dysplasia 1.35G 0.26 1.36G 0.28 1.38G 0.26 1.51G 0.34 1.47G 0.35 1.37G 0.19
Values are means (mm)G standard deviation.
*/**Statistical signiﬁcant difference in comparison between the normal and dysplastic hips at each row of region with the same longitude
using repeated-measure analysis of variance; *P!0:05, **P!0:005.
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Fig. 3. Average acetabular cartilage thickness distribution in the normal (A) and dysplastic (B) hips. The position of the cartilage is shown by
longitude in the horizontal axis and latitude in the vertical axis. The scale represents cartilage thickness in millimeters.of 120e150, 150e180 and 180e210( was signiﬁcantly
greater than the row with longitude of 240e270( (Fig. 3). In
the normal hips, there was no signiﬁcant difference among
the row of region with any longitude categories. Cartilage
thickness maps revealed this general tendency for cartilage
thickness distribution with focal gradients at the supero-
lateral area, especially in the dysplastic hips (Fig. 4). In
comparison between the normal and dysplastic hips at each
row of region with the same longitude, the row with
longitude of 150e180, 180e210, and 210e240( in the
dysplastic hips showed signiﬁcantly greater cartilage
thickness than the corresponding row of region in the
normal hips (Table II).
Discussion
Advancements in MR hardware technology and optimi-
zation of MR pulse sequences allow direct, non-invasive
Fig. 4. Graph illustrating cartilage thickness distribution in each row
of the discrete regions with the same longitude grid of the normal
hips (left) and dysplastic hips (right). A test was performed among
the rows of the discrete regions with longitude ranging 90e120,
120e150, 150e180, 180e210, 210e240, and 240e270(, within
the normal and dysplastic hips. A single asterisk indicates
a signiﬁcant difference at P!0:005, and a double asterisk indicates
a signiﬁcant difference at P!0:0001, compared with the row of the
discrete regions with longitude ranging 240e270(.evaluation of articular cartilage, which is difﬁcult on plain
radiographs. Recent studies have focused on detailed,
quantitative assessment of 3D cartilage volume and thick-
ness for detection of small, focal change of cartilage
morphology26 and monitoring of osteoarthritic progres-
sion25. However, accuracy and reproducibility of quantita-
tive cartilage thickness evaluations are largely dependent
on techniques for image segmentation of cartilage bound-
aries and algorithms for calculation of cartilage thickness.
Segmentation of cartilage with threshold setting and region-
growing techniques with additional interactive manual
tracing offer relatively reliable reproducibility and accura-
cy10,11,27 in the knee. However, they require considerable
time and effort (human interaction), and can produce intra-
and interobserver errors. Several investigators have de-
veloped sophisticated semi-automated or automated com-
puter algorithms with snakes or deformable active shape
models12,13,28,29. These algorithms produce robust segmen-
tation with little human interaction, and produce accurate
and reproducible measurements of the articular cartilage in
the knee joint. Using an algorithm based on B-spline
snakes, Stammberger et al. obtained interobserver reprodu-
cibility ranging from 3.3% to 4.1% for maximal cartilage
thickness measurements and reproducibility ranging from
5.6% to 10.8% for cartilage volume measurements; i.e., 1.1
to 3.6 times greater than those obtained with manual
segmentation techniques12. Cohen et al. obtained superior
accuracy (mean error, 0.31 mm) for cartilage thickness
measurements of cadaveric knees using a B-spline curve
ﬁtting technique, and using stereophotogrammetric meas-
urements as the standard of reference29.
There have been few studies of quantiﬁcation of articular
cartilage thickness and volume in the hip joint from SPGR
MR imaging. In several such studies by McGibbon
et al.30,31, using computational segmentation programs
and human manual interaction, satisfactory accuracy was
obtained for cartilage thickness measurements of femoral
head specimens. However, to our knowledge, there has
been no study concerning quantiﬁcation of in vivo MR
imaging of the hip joint, presumably due to inferior spatial
resolution that can be achieved and difﬁculty of automated
or semi-automated segmentation of acetabular and femoral
cartilage, which are in close contact with each other in living
joints. High reproducibility of measurements of cartilage
volume and thickness was obtained in the knee joint using
in vivo MR images with in-plane resolution of about
655Osteoarthritis and Cartilage Vol. 12, No. 80.3 mm13, however, in-plane resolution of in vivo MR imag-
ing in the hip joint seemed to be limited to about 0.6 mm at
a good tradeoff between the image resolution and accept-
able signal-to-noise ratio, due to difﬁculties in using small
surface coils. If much manual tracing or pointing is required
to discriminate between acetabular and femoral cartilage on
MR images over a wide area of cartilage surface, accuracy
and reproducibility of measurements become unreliable. In
the present study, this difﬁculty was overcome using two
novel techniques. First, persistent leg traction during
MR imaging provided a continuum of joint ﬂuid between
acetabular and femoral cartilage, with clear signal contrast,
and facilitated subsequent computational segmentation.
Second, our custom-written program, which searches
radially for inner and outer cartilage edges with directional
second-order derivatives after interpolation of discrete MR
data to 1/10 of the original voxel, allowed fully automated
segmentation of the acetabular cartilage at the weight-
bearing area in all cases, with visual conﬁrmation of the
original MR images. Using this segmentation algorithm, we
obtained a mean error of 0.28 mm in measurements of the
cartilage thickness of cadavers, and reproducibility of 3.9%
in repeated measurements of patients and volunteers.
These accuracy and reproducibility values were compara-
ble with those reported by Stammberger et al.12 and Cohen
et al.29 in the knee cartilage.
In the present study, overall acetabular cartilage thick-
ness in the normal hips averaged 1.34 mm, and ranged
from 0.91 mm to 3.4 mm. This is consistent with previous
studies evaluating cadaveric human hip joint6e9. The
following acetabular cartilage thickness distribution ranges
have been reported: 1.0e3.3 mm, by Kurrat et al.6, using
macroscopic evaluation; 1.1e1.8 mm, by Athanasiou et
al.7, using a needle probe system; 1.0e3.6 mm, by Eckstein
et al.9, using an ultrasound system. In those three studies,
bony hip joint structure and cartilage surface were assumed
to be normal. In the present study, the cartilage thickness of
the normal hips had some regional variation, with a general
trend for thickness to increase around superolateral regions
at 10e30( latitude and 150e210( longitude (Fig. 3); this is
consistent with previous cadaveric studies6e9.
An interesting ﬁnding of the present study is the signi-
ﬁcant difference in average cartilage thickness and cartilage
thickness distribution patterns between the dysplastic hips
and normal hips. Average cartilage thickness of the dys-
plastic hips was 1.3 times greater than that of the normal
hips, and the difference in cartilage thickness was particu-
larly pronounced around the superolateral acetabular
regions. For cartilage of the posterior part of the acetabulum
at 90e120( longitude and the anterior part at 240e270(
longitude, there was no statistical difference in thickness
among angles of latitude between the dysplastic hips and
normal hips. However, for cartilage of the superior part at
150e180( and 180e210( longitude, and cartilage of the
anterosuperior part at 210e240( longitude, there was
a signiﬁcant difference in thickness among angles of
latitude between the dysplastic and normal hips (Table II).
In the superolateral acetabular area, at 20e30( latitude and
180e210( longitude, cartilage thickness of the dysplastic
hips was 2 times greater than that of the normal hips.
There are several possible explanations for these notable
differences in cartilage thickness distribution. First, anthro-
pometric variables such as height, weight and body mass
index have signiﬁcant inﬂuences on cartilage thickness in
joints of the lower limb8,32. Larger and heavier donors or
patients have thicker articular cartilage in the hip, knee and
ankle joints. In the present study, there was no signiﬁcantdifference in these anthropometric variables between the
normal hips and dysplastic hips. When considering the fact
that patients with dysplastic hips tended to have higher
body weight and body mass index, and the analysis was
conducted in a relatively small number of subjects,
however, predominance of cartilage thickness in the dys-
plastic hips may be partly accounted for by the anthropo-
metric effects.
Second, the present difference in cartilage thickness
distribution between the normal and dysplastic hips
supports the hypothesis that distribution of cartilage thick-
ness correlates with long-term stress distribution on articular
surfaces33,34. Lequesne proposed the mechanism of the
cartilage growth in response to pressure stimulation34. A
marked increase in biomechanical stress around the
anterosuperior or superolateral area4,35 may lead to an
increase in cartilage thickness at those areas.
Third, anatomical structures (bone and cartilaginous
structures) of the hip joint progressively change during
postnatal developmental periods, according to mechanical
and physiological factors. If abnormal stress is applied to
the acetabular margin due to hip instability, cartilaginous
development may be prolonged, and stimulation of sub-
sequent endochondral ossiﬁcation may be impeded36. This
may result in abnormally thick articular cartilage in associ-
ation with pelvic bone deﬁciency of the dysplastic hips after
the childhood developmental periods are completed. To
clarify the effects of the second and the third possible
mechanisms on thickness distribution of the acetabular
cartilage, further studies comparing 3D cartilage distribution
and detailed pelvic bony structure are needed.
There are several potential limitations in the present
study. First, the number of normal hips was small, com-
pared with that of dysplastic hips. Furthermore, we deﬁned
normal hips on anteroposterior radiographs or mid-coronal
MR images, however, milder forms of dysplasia with limited
insufﬁciency of anterior or posterior acetabular roof might
be undetected in the group of normal hips34. Owing to
a small number of normal hips and likelihood of inclusion of
milder forms of dysplasia in the normal hip group, there was
a possibility to fail to detect statistical signiﬁcant difference
for cartilage thickness distribution between the two groups.
Given the similarities in cartilage thickness distribution
between the present normal hip group and the ﬁndings of
previous cadaveric studies, and the ﬁndings of signiﬁcant
differences in cartilage thickness at superior area of the
acetabulum between the normal and dysplastic hip groups,
we conclude that acetabular cartilage thickness distribution
is reliably different between normal hips and apparent
dysplastic hips on conventional radiographs.
Second, due to the strongly curved structure of acetab-
ular cartilage, errors in cartilage thickness measurements
from volume-averaging effect are likely to occur, depending
on the angles between the cartilage surface and MR
imaging plane22,37. McGibbon et al. reported errors of over
0.3 mm in out-of-plane cartilage thickness in cadaveric
studies of the femoral head31. Obtaining MR images with
thinner slices is an effective way of minimizing volume-
averaging effects, but a slice thickness of about 1 mm is
probably the minimal requirement for acquiring images with
sufﬁcient signal-to-noise ratio, using current clinical MR
equipment. In the present study, to minimize volume-
averaging effects, 3D cartilage thickness was calculated
from MR images on sagittal directions, which were orien-
tated approximately normal to the cartilage surface at the
anterior, superior and posterior areas. In the anterosuperior
area of the acetabular cartilage, contact pressure was most
656 T. Nishii et al.: Acetabular Cartilage in Dysplastic Hipsprominent in biomechanical studies38 and cartilage damage
was often observed in arthroscopic studies of dysplastic
hips23,24. Although the volume-averaging effects become
larger at the medial cartilage area, we conclude that
evaluation of articular cartilage at this area is not particularly
important based on the biomechanical condition and
assessment of osteoarthritis progression in the hip joint.
Third, the opposing acetabular and femoral cartilages
were not in contact on the MR images used to evaluate
acetabular cartilage distribution, due to our use of the
traction device. The articular cartilage deforms considerably
in the living joint, according to intraarticular biomechanical
load. Armstrong et al.39 reported compression of cartilage
by as much as 14% of its thickness under a load of 4e6
times body weight, in a cadaveric study of the hip joint,
using arthrography examinations. Herberhold et al.40 found
changes in cartilage thickness of between 10% and 30%
during the ﬁrst 10 min of static compression at 1.2e1.8
times body weight, in cadaveric studies of the femoro-
patellar joints, using MR imaging. We are not certain how
addition of traction force altered intraarticular biomechanical
stress on the cartilage surface, and changed cartilage
thickness distribution of the normal and dysplastic hips. It
would be of great interest to compare cartilage thickness
distribution with and without leg traction devices, under
various physiological conditions including supine or upright
positions. However, that would require development
of imaging technology with higher spatial resolution and
superior tissue signal contrast, compared to current stan-
dard MRI protocols.
To our knowledge, the present study is the ﬁrst to reveal
characteristic patterns of cartilage thickness distribution in
dysplastic hips. A larger database of articular cartilage
morphology in normal and dysplastic hips is needed. How-
ever, the present ﬁnding that cartilage thickness varies
considerably with respect to the location of the acetabulum
in dysplastic hips, and that there is a general trend toward
thick articular cartilage at the superolateral portion, may aid
in assessing the cartilage condition whether cartilage
thinning is related with osteoarthritic involvement or the
intrinsic cartilage structure in the local area. In computa-
tional biomechanical assessment of dysplastic hips using
a ﬁnite element model, incorporation of inhomogenous
cartilage thickness distribution rather homogenous distribu-
tion4 may result in closer agreement between computation-
al assessment and real stress distribution around articular
cartilage. Furthermore, in planning periacetabular osteot-
omy, satisfactory cartilaginous congruency resulting from
consideration of inhomogenous distribution of cartilage
thickness (in addition to traditional bone morphological
planning) may increase the probability of successful clinical
outcome.
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